Due to the limitations of current extraction methods, extracellular DNA (eDNA) is rarely discerned from intracellular DNA (iDNA) despite having unique contributions to antibiotic resistance genes (ARGs) propagation. Furthermore, eDNA may be free (f-eDNA) or adsorbed to or suspended solids, including cells (a-eDNA), which affects ARG persistence and transmissivity. We developed a novel method using magnetic beads to separate iDNA, a-eDNA, and f-eDNA to assess how these physical states of ARGs change across a wastewater treatment plant. This method efficiently extracted eDNA (> 85.3%) with higher recovery than current methods such as alcohol precipitation, CTAB-based extraction, and DNA extraction kits (< 10%). Biological treatment and UV disinfection decreased the concentration of intracellular ARGs (iARGs) and adsorbed extracellular ARGs (a-eARGs), causing an increase of released free extracellular ARGs (f-eARGs). More ARGs were discharged through the wasted biosolids than in the effluent; iARGs and a-eARGs are prevalent in wasted biosolids ((73.9 ± 22.5) % and (23.4 ± 15.3) % of total ARGs respectively), while f-eARGs were prevalent in the effluent ((90.3 ± 16.5) %). Bacterial community analysis showed significant correlations between specific genera and ARGs (e.g., Aeromonas, Pseudomonas and Acinetobacter were strongly correlated with multidrug-resistance gene bla TEM ). This treatment system decreased the discharge of iARGs to receiving environments, however, increased eARG concentrations were present in the effluent, which may contribute to the environmental resistome.
Introduction
Despite their effectiveness at mitigating waterborne diseases, some wastewater treatment plants (WWTPs) act as breading grounds for antibiotic resistant bacteria (ARB) and spread associated antibiotic resistance genes (ARGs) to the environment through the discharge of secondary effluent and biosolids (Mao et al., 2014; Yu et al., 2017) . However, little is known about the physical state of discharged ARGs, which could affect their persistence and transmissivity. For example, the fate of intracellular DNA (iDNA) is considerably different from extracellular DNA (eDNA) , which can be further separated into free-eDNA (f-eDNA) and adsorbed-eDNA (a-eDNA) (i.e., bound to other particles including bacteria surfaces and colloids) (Bryzgunova et al., 2015; Laktionov et al., 2004) .
The binding of eDNA to other particles, such as minerals or organic compounds provide protection against degradation by nucleases, increasing their persistence (Nagler et al., 2018; Nielsen et al., 2007) . In contrast, f-eDNA may be degraded rapidly within several days (Barnes et al., 2014; Eichmiller et al., 2016a) . Furthermore, bacterial uptake of f-eDNA may be easier than a-eDNA due to the size restriction of uptake channels (Kruger and Stingl, 2011) . Although the abundance is comparable to, or even higher than iDNA in some systems (Mao et al., 2014; Torti et al., 2018) , eDNA is rarely separated from total DNA due to the limits of conventional DNA extraction methods (mainly filtration or centrifugation), which typically retain < 10% of eDNA (Eichmiller et al., 2016b; Liang and Keeley, 2013; Zhang and Zhang, 2011) . Current methods for extracting eDNA, such as alcohol precipitation, cetyltrimethylammonium bromide (CTAB)-based extraction, and DNA extraction kits, have been frequently used to analyze sediments, sludge, and biofilms (Corinaldesi et al., 2005; Guo et al., 2018; Ogram et al., 1987; Renshaw et al., 2015; Torti et al., 2018; Wu and Xi, 2009; Zhang et al., 2018) . However, these methods are complex and labor-intensive, and are mostly used for soil samples where eDNA is abundant and a-eDNA is the dominant form (Corinaldesi et al., 2005) . They may not suitable for aquatic samples from environments where DNA concentrations are often low or f-eDNA is predominant (Nagler et al., 2018; Pote et al., 2009) .
In this study, magnetic beads were used to extract eDNA from samples taken at multiple sites throughout a municipal wastewater treatment plant. Magnetic beads reversibly bind nucleic acids and are then separated by a magnetic field (Xiao et al., 2013) . This technique has been used to extract bacterial genomes from serum and plasma (Berensmeier, 2006; Reverte et al., 2016) . However, its application for environmental samples has not been reported, especially for extracting and separating different forms of eDNA that may influence ARG persistence and fate. Thus, different physical states of eDNA (i.e., a-eDNA and f-eDNA) were separated and quantified across a WWTP over one year. We demonstrate superior eDNA extraction efficiency than traditional methods, including alcohol precipitation, CTAB based method, and DNA isolation kit. We also quantified the occurrence of nine common ARGs in their various physical states across each unit in a WWTP and system discharge points to assess changes in the potential development and propagation of antibiotic resistance.
Materials and methods

Magnetic beads
Hydroxyl magnetic beads with a magnetite core (Fe 3 O 4 ), an encapsulation, and a hydroxyl-coated surface were purchased from Wuxi Biomag Biotechnology Co., Ltd. (China). Prior to usage, the beads were suspended in 0.05% aqueous solution of sodium azide with a final stock concentration of 50 g/L. The physical and chemical properties of magnetic beads were characterized by Scanning Electron Microscope (SEM) and Fourier Transform Infrared Spectrometer (FTIR) ( Fig. S1 ). As shown in Fig. S1 , the beads had an average size of 10 μm and were well dispersed. The magnetic beads exhibit (CeO) absorption peaks at 1096 cm −1 , and (-OH) absorption peaks at 3225 cm −1 , which facilitates hydrogen bonding with nucleotides.
eDNA extraction
Activated sludge samples were passed through a 0.22-μm filter (Millipore, USA). Each of the four methods were used to extract eDNA from the activated sludge sample filtrate. Alcohol precipitation, CTAB based method and DNA isolation kit were conducted as detailed in Supplementary Info. Text 1-3 and associated references.
For the magnetic beads method, 10 mL isopropanol and 7.5 mL CL buffer (Proteinase K, 20 g/L in 30 mM Tris-Cl, Tiangen Biotech, China) were added to 5 mL sample filtrate and mixed thoroughly to remove impurities (e.g., proteins), then spiked with 20 μL of magnetic beads stock and vortexed for 3-4 min (Fig. 1A) . The mixture was placed on a magnetic rack to precipitate the magnetic beads, and the supernatant without magnetic beads was discarded.
The magnetic beads were washed with 1 mL CW1 buffer (7 mol/L guanidine hydrochloride in 50% isopropanol), the magnetic rack was used again to remove the supernatant. The magnetic beads were then washed with 1 mL CW2 buffer (ethanol, 75%) twice and subsequently placed at room temperature for 5 min to evaporate the residual ethanol. Then, 30 μL of elution buffer (10 mM Tris-HCl, pH 8.5, preheated to 55°C) was added to the magnetic beads followed by incubation for 5 min, and vortexed for 20 s every minute during incubation. Finally, the mixture was placed on the magnetic rack and the supernatant was collected for DNA analysis.
Optimizing the magnetic beads extraction method
The sample dosage and magnetic beads loading were optimized to improve the recovery efficiency of eDNA. To optimize the sample dosage, different volumes (1, 2, 5, 10 or 40 mL) were used for eDNA extraction. The volume of magnetic beads stock (50 g/L) added was 20 μL for all sample dosage tests. To determine the effect of magnetic beads dosage, 5, 10, 15 and 20 μL of magnetic beads stock (per mL sample) were used to extract eDNA, while the sample volume was kept at 2 mL.
Six pretreatment methods were assessed for separating a-eDNA from f-eDNA. Method I is the untreated control. For pretreatment method II, the sample was filtered through a 0.22-μm filter and the filter was washed twice with 5 mL Tris-EDTA (TE) buffer which then was mixed with sample filtrate prior to eDNA extraction. For method III, 20 mL of phosphate buffer (0.12 M NaH 2 PO 4 , 0.12 M Na 2 HPO 4 , pH = 4) was spiked into 100 mL sample, which was then filtered through a 0.22-μm filter. For method IV, the same 20 mL of phosphate buffer from method II was added but the mixture was shaken (150 rpm) for 20 min before filtering through a 0.22-μm filter. Method V involved adding 0.2 g polyvinylpyrrolidone (PVPP) and 20 mL phosphate buffer then vortexing for 20 min before filtering through a 0.22-μm filter. For method VI and VII, the sample was just vortexed for 10 min and 20 min respectively before filtering through a 0.22 μm filter.
Potential leakage of intracellular DNA was assessed by measuring the release of lactate dehydrogenase (LDH), as detailed in Supplementary Info. Text 4.
Sampling and DNA extraction
Samples were collected from a wastewater treatment plant located in Nanjing (China) with a capacity of 75,000 m 3 per day (80% municipal wastewater and 20% industrial wastewater). This biological treatment plant harbors two parallel activated sludge processes, Cyclic Activated Sludge Technology (CAST) and Modified Sequential Batch Reactor (MSBR) (Fig. 2 ). Biological Aerated Filter (BAF) is used to further remove organics and nitrogen. After UV disinfection, the effluent is directly discharged into the Yangtze River, the largest river in China. Details of the wastewater treatment process are given in Supplementary Materials Text 5 and Table S1 . Seven samples were collected along with the WWTP process: four aqueous and three sludge samples ( Fig. 2) .
Samples were collected once per season over one year (May 2018 , August 2018 , December 2018 and March 2019 . For each sampling site, three parallel 1-L samples were collected every 4 h over a 12-h period; and the composite 3-L sample was mixed in sterilized dark polyethylene plastic bottles and analyzed within 24 h of collection. The three forms of DNA were separately extracted from the above samples ( Fig. 1B) . First, the samples were passed through 0.22-μm filters. The filtration volumes of the samples are shown in Table S2 . Filtrate ① was used to extract f-eDNA as described in Section 2.2. The membrane used to obtain filtrate ① was mixed with 10 mL phosphate buffer and vortexed at 25°C for 20 min, and this solution was filtered through a new 0.22μm filter. This yielded filtrate ②, which was used to extract a-eDNA using magnetic beads. The membranes were all put into DNA extraction tubes to extract iDNA using Fast DNA™ SPIN kit for soil (MP Biomedicals, USA). All extracted DNA was verified by agarose gel electrophoresis and quantified by Nanodrop 2000 (Thermo Fisher Scientific, USA).
Recovery assessment for eDNA by the magnetic beads method
Recovery efficiency of eDNA was assessed by using an external DNA standard (Mumy and Findlay, 2004) . The standard free-DNA was a 16S rDNA fragment prepared as detailed in Supplementary Information Text 6, and was added into the filtrate of WWTP samples. A-eDNA is first pre-treated to become f-eDNA before DNA extraction by the magnetic beads method. As a result, free-DNA was used to assess the recovery efficiency of the magnetic beads method. The f-eDNA in the filtrate of collected samples (INF, CAST and EFF) was extracted by the magnetic beads method. The f-eDNA in the raw samples without standard free DNA addition was also extracted. The recovery efficiency was calculated according to the following formula (Eq. (1)).
where m 2 is the f-eDNA yield (ng) in samples with external DNA standard added, m 1 is the f-eDNA yield (ng) in samples without external DNA standard added, m 0 is the amount of external DNA standard added (ng).
Quantitative PCR
Quantitative polymerase chain reaction (qPCR) was performed as previously described (Wang et al., 2019) , using a LightCycler 96 (Roche, Switzerland). Nine types of ARGs that are frequently present in WWTPs Yuan et al., 2014; Zhang and Zhang, 2011) were investigated to quantify the abundance of the three physical states of DNA of interest. These ARGs were four tetracycline resistance genes (tetA, tetC, tetM and tetX), two sulfanilamide resistance genes (sulI and sulII), one class A β-lactamase (bla TEM ) and two macrolide resistance genes (ere A and erm B). Their primers have been validated by previous publications (Table S3 ). The PCR products of these nine ARGs were verified, purified, and cloned into Escherichia coli. The plasmids carrying each ARG were extracted as the standard ARG product. The qPCRs were conducted in 8-strip tubes with a final volume of 20 μL, containing 10 μL 2×SuperReal PreMix Plus (Tiangen Biotech, China), 2 μL 50×Rox Reference Dye (Tiangen Biotech, China), 1 μL template DNA, 0.4 μL each primer, and 6.2 μL of double-distilled water.
The qPCR conditions included 95°C for 15 min, followed by 40 cycles at 95°C for 10s, annealing at defined temperatures (Table S3 ) for 20s and 64°C for 30s. Each qPCR is performed in triplicate to ensure the deviation between triplicate samples were < 5%.The qPCR and operations of samples were same with the standard curves. The concentration of ARGs was calculated based on the number of cycles run for the sample. The amplification efficiencies of all qPCRs ranged from 88% to 110%. The abundance of 16S rDNA was also measured to assess the relative abundance of each ARG, which was defined as the ratio between an ARG abundance and 16S rDNA abundance.
Bacterial community analysis
The i-DNA and eDNA (including a-eDNA and f-eDNA) from influent (INF), activated sludge (CAST) and final effluent after UV disinfection (EFF) were used to examine the bacterial community and infer how its phylogenetic structure affected the observed ARG profile. The purified DNA samples were sent to the Shanghai Majorbio Bio-pharm Technology Co., Ltd. (China), with an Illumina miseq platform for bacterial 16S rDNA high-throughput amplification sequencing as described in a previous publication (Guo et al., 2015) . DNA samples were amplified in triplicate by PCR using the primers 515F (5′-GTGCCAGC MGCCGCGG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Sequence libraries of~400 bp DNA fragments were prepared and sequenced according to the company's instructions. Analysis of the bacterial community composition, Shannon index, and heat map were all conducted on the free online platform of Majorbio I-Sanger Cloud Platform (www.i-sanger.com).
Data analysis
Mass balance analysis of ARGs was conducted by calculating the mass flow of ARGs at various sampling points as previously described (Fahrenfeld et al., 2014) :
where C i , C f and C a are the concentrations of iARG, f-eARG, and a-eARG, respectively, at a specific sampling point and Q is the average daily flow rate at the sampling point (Table S4 ). The correlation between the relative abundance of ARGs in iDNA and eDNA and bacterial genera was explored by redundancy analysis (RDA). The correlation between the three types of ARGs was examined using canonical correlation analysis (CCA). Canoco 4.5 software (Wageningen University & Research, Netherlands) was utilized for the above analysis as described previously (Wang et al., 2019) . The Monte Carlo permutation test was used to determine the significance; the number of replacements was 999. Finally, results were visualized using Canodraw 4.0 (Wageningen University & Research, Netherlands).
All statistical tests were conducted by two-tailed Student's t-test with statistical significance established at the 95% confidence level (p < 0.05) and null hypothesis as no significant difference existing between two data sets.
Results and discussion
Magnetic beads show significantly higher eDNA recovery than other methods
The magnetic beads extraction method yielded significantly better eDNA quality (A 260 /A 280 value of 1.7, indicating that interfering compounds were efficiently removed) and quantity (78 ng/mL) than alcohol precipitation, CTAB precipitation, and DNA extraction kits (Table 1) . Magnetics beads were able to recover at least 20 times more eDNA than the other methods (p < 0.05) by using only 5 mL of sample. By comparison, the excessively low DNA concentration and improper sample volume required (200 to 300 mL for alcohol precipitation method and 1 mL for DNA extraction kit) demonstrated that current methods (alcohol precipitation, CTAB precipitation, and DNA extraction kits) were inefficient to extract eDNA from wastewater.
We postulate that DNA binds to magnetic beads through sodium cation bridges between the phosphate backbone of DNA and the hydroxyl group on the beads (Chang et al., 2015) . These cation bridges have high affinity for eDNA because of its stronger negative charge than other constituents such as proteins and humic acid (Guo et al., 2016; Kozlowski, 2016) . Furthermore, high recovery of DNA from magnetic beads can be achieved by eluting Na + with elution buffer (Adams et al., 2015) . Finally, the high surface area of magnetic beads allows for more DNA binding sites (Holben et al., 1988) and higher recovery of eDNA per bead. Most eDNA could be extracted from water or sludge samples by the magnetic beads, making it ideal for eDNA extraction from small volume samples with low concentration of eDNA.
Enhanced eDNA recovery by optimizing magnetic beads method and pretreatment
Sample volume and magnetic beads dosage were optimized to improve the eDNA extraction efficiency (Fig. 3A and B) . The recovered concentration increased as less volume of sample was processed, while the total yield of eDNA mass was greatest with 5 mL of sample. Apparently, smaller sample volumes increased the effective collision and binding between DNA and magnetic beads, but decreased the total eDNA present. In contrast, using a larger sample volume increased the extracted eDNA yield, but diluted the concentration of magnetic beads and lowered collision rates between the beads and eDNA, resulting in lower recovery. Compared to 2 mL, using 5 mL sample required disproportionally larger amounts of magnetic beads to extract the same amount of eDNA. To compromise between obtaining sufficient eDNA concentrations, eDNA yield and cost, 2 mL was chosen as the sample volume. Accordingly, eDNA yield and recovered concentration increased initially with magnetic beads dosage up to a maximum with 15 μL of magnetic beads per mL of sample (Fig. 3B) , and decreased at higher dosages possibly due to beads aggregation hindering DNA extraction efficiency.
Three kinds of pretreatment methods were tested for separating a-eDNA and f-eDNA. These are: washing the membrane, decreasing the binding force, and vortex treatment (shown in Table 2 ). Comparing pretreatment methods II with the untreated control (Table 2) , washing the membrane after filtration by TE buffer did not enhance eDNA concentration, indicating that little eDNA was filtered out or that washing did not remove eDNA from the filter. Adding phosphate buffer or PVPP did not improve the eDNA yield either (see results of pretreatment method III to V versus the untreated control, Table 2 ), possibly due to the samples not needing additional buffer to elute eDNA or that there was very little f-eDNA adsorbed to particles or membrane in the first place. Apparently these pretreatments did not exert sufficient force to separate f-eDNA and a-eDNA. Rather, eDNA quality (A 260 /A 280 ) decreased by adding these solutions.
In contrast, vortexing (pretreatment methods VI and VII) significantly improved the eDNA yield and concentration (p < 0.05). When samples were vortexed for 10 min, the eDNA concentration increased slightly, but increased by 2.1-fold when they were vortexed for 20 min. Vortex pretreatment likely enhanced separation of a-eDNA from its associated particles, converting a-eDNA into f-eDNA. Cell membrane permeability assays were also conducted to ensure that vortex pretreatment was not damaging the cell membrane, since in preliminary experiments we found that some methods (e.g., sonication) would kill bacteria and cause the release of iDNA. No significant increase in LDH release was observed (p > 0.05) when the vortex period was within 20 min (Fig. S2) , indicating that the cell membrane integrity was retained. However, a significant increase in LDH release was observed when vortex period was increased to 60 min (p < 0.05), indicating damage of cell membrane and possibly leakage of iDNA.
By using 2 mL of vortexed (20 min) sample and 30 μL magnetic beads, the magnetic beads method could efficiently extract eDNA from wastewater, secondary effluent, and biosolids. The eDNA recovery efficiency was 85.3% from the influent, 93.0% from activated sludge, and 91.3% from the effluent when < 300 ng of eDNA standard was spiked ( Fig. 3C ). When the eDNA standard was increased to > 400 ng, the efficiency significantly decreased (data not shown), suggesting that the eDNA amount exceeded the adsorption capacity of the magnetic beads. However, these high concentration samples could be processed by diluting to a reasonable level (e.g., < 1000 ng/μL). By comparison, the recovery efficiency of current methods (alcohol precipitation, CTABbased extraction, and DNA extraction kits) was all below 10%.
Generally, the concentrations of iARGs in our study were similar to total ARG concentrations reported in previous studies that utilized filtration for extraction (Chen and Zhang, 2013; Du et al., 2014) . However, the total concentration of ARGs measured, including a-eDNA and f-eDNA, were generally higher than previous studies that only extracted iARGs (Di Cesare et al., 2016; Pruden et al., 2012; Zhang and Zhang, 2011) , showing that eARGs were abundant in the WWTP and were a significant portion of total ARGs.
Changes in physical states of ARGs throughout the wastewater treatment process
The quality and quantity of i-DNA, a-eDNA and f-eDNA in the seven WWTP samples are presented in Table S5 and Fig. S3 . Concentrations of iDNA, a-eDNA, and f-eDNA in influent were all on the order of 10 2 ng/ mL. In activated sludge (CAST, MSBR and BIO), > 10 3 ng/mL of iDNA Fig. 4 . Absolute abundance of nine ARGs in three forms of DNA during the wastewater treatment process. Abundance of iARGs and a-eARGs changed greatly with the wastewater treatment train, which increased in activated sludge and biosolids samples, but decreased in effluent samples. The change of f-eARGs was much smaller. The dash line represents the limit of detection (LOD). Nine ARGs include four tetracycline resistance genes (tetA, tetC, tetM and tetX), two sulfanilamide resistance genes (sulI and sulII), one class A β-lactamase (bla TEM ) and two macrolide resistance genes (ere A and erm B). INF, CAST, MSBR, BAF, SC, EFF and BIO represent seven sampling sites, including influent, cyclic activated sludge tank, modified sequential batch reactor, biological aerated filter, secondary clarifier, final effluent and biosolids. and a-eDNA were detected while f-eDNA was only on the order of 10 2 ng/mL. In the downstream water samples (BAF, SC and EFF), iDNA and a-eDNA concentration decreased to about 10 1 ng/mL level while f-eDNA remained on the order of 10 2 ng/mL. In activated sludge, most ARGs in all three states became significantly more abundant than in the influent (p < 0.05) (Fig. 4) . Compared to the influent, the relative proportion of ARGs as f-eARG in activated sludge did not change, but a-eARGs increased by (9.1 ± 7.7) % while iARGs decreased by (9.2 ± 6.3) % (Fig. 5) . Nevertheless, iARGs were still the dominant form of ARGs in both influent and activated sludge (Fig. 5) . Activated sludge promoted the proliferation of ARB and associated iARGs (Li et al., 2015; Wang et al., 2015) , which became eARGs with the death of host ARB. However, iARGs are combined with proteins (Hammond et al., 2017) , which are more likely to bind to particles (Silva et al., 2012) ; thus, iARGs predominately converted to a-eARGs. Furthermore, activated sludge is rich in particles that f-eARGs could combine with to form a-eDNA. Despite the increase in abundance, the relative abundance of most ARGs (normalized to 16s rDNA) decreased slightly (p > 0.05) in activated sludge (Fig. 6 ). This suggests insufficient selective pressure for ARGs, possibly due to the metabolic burden exerted by resistance plasmid maintenance and replication (Rysz et al., 2013) .
Secondary clarification reduced the concentration of iARGs by 2.0-3.8 log and a-eARGs by 0.5-2.6 log, but did not reduce most f-eARGs because they were too small to be sufficiently precipitated (Fig. 7) . UV disinfection further reduced the concentration of iARGs by 0.1-0.4 log (except ermB) and a-eARGs by 0.05-0.44 log, but increased f-ARGs by up to 1.2 log (Fig. 7) . UV disinfection reduced iARGs by killing ARB, releasing a-eARGs combined with cell particles. Most a-eARGs would then become f-eARGs since there are very few particles in secondary effluent for f-eARGs to combine and reform a-eARGs. Continuous disassociation of a-eARGs into f-eARGs combined with higher degradation of ARB containing iARG than eARG by UV (McKinney and Pruden, 2012) resulted in insignificant reduction of f-eARGs during UV disinfection. UV disinfection did not greatly affect the relative abundance of ARGs to 16s rDNA of iARGs (Fig. 6) , indicating that UV did not discriminate between ARGs and other DNA. Combined, clarification and UV disinfection reduced the concentration of iARGs by 2.4-4.1 log, a-eARGs by 0.7-2.7 log, and increased f-eARGs concentration by 0.03-1.1 log (Fig. 7) .
Wastewater treatment process concentrated iARGs and c-ARGs into biosolids, accounting for (73.9 ± 22.5) % and (23.4 ± 15.3) % of total ARG concentration respectively. In contrast, f-eARGs was dominant in the effluent, accounting for (90.3 ± 16.5) % of total ARG concentration. The mass balance analysis (Fig. 8) indicates that more total mass flow of ARGs were discharged through biosolids (17%~65% of the influent ARGs) than the effluent (7%~50% of the influent ARGs). The total mass flow of ARGs discharged was 29% to 96% of that of the Fig. 5 . Proportion of the three states ARGs (relative to total ARG concentration) from the seven sampling sites in WWTP. Generally, there was more iARGs in the influent, activated sludge and biosolids while there was more f-eARGs in the effluents. INF, CAST, MSBR, BAF, SC, EFF and BIO represent seven sampling sites, including influent, cyclic activated sludge tank, modified sequential batch reactor, biological aerated filter, secondary clarifier, final effluent and biosolids.
influent.
Free eDNA usually has lower persistence and transmissivity than a-eDNA or iDNA , and this treatment system concentrated f-eARGs in the effluent while iARGs prevailed in the biosolids, which are applied as fertilizer after dewatering, which is conducive to survival of some ARB (Bala Subramanian et al., 2010) . This raises the possibility of spreading antibiotic resistance in environments exposed to these biosolids (e.g., agricultural fields). Furthermore, the potential threats of the effluent cannot be overlooked which could contribute to the environmental resistome in receiving waters through transformation of indigenous bacteria (Luo et al., 2011) .
Relative abundance of ARGs in iDNA and eDNA depends on abundance and diversity of bacterial hosts
The iDNA and eDNA of influent, effluent, and activated sludge (2)). The total mass flow of ARGs slightly increased with bacterial growth in activated sludge (AS, sum of CAST and MSBR), and decreased in downstream aqueous samples (SC) as a result of biomass. More ARGs were discharged through biosolids than in the effluent. The rate of total ARGs discharge (TD, sum of EFF and BIO) was 29% to 96% of that of the influent rate.
samples was examined to gain insight on changes in bacteria phyla across the treatment process ( Fig. 9 and Table S6 ) and discern potential ARG hosts (Fig. 10 ). Based on iDNA analysis, the most abundant phylum was Proteobacteria, followed by Bacteroidetes, Chloroflexi, and Saccharibacteria. The increase in relative abundance of common genera such as Acinetobacter, Aeromonas, Brevundimonas, Acidovorax, and Rhodococcus contributed to the abundance of Proteobacteria (Table S7) . Interestingly, the abundance of eDNA from most phyla decreased except for Proteobacteria, suggesting a higher propensity for this phylum to release more DNA (i.e., conversion of its iDNA into eDNA). This observation agrees with the estimated Shannon index (H) ( Table S8) , indicating that the diversity of eDNA (H = 3.6) was significantly lower than that of iDNA (H = 4.8), possibly because of a relatively high abundance of eDNA originating from one phylum (e.g., Proteobacteria).
As expected, changes in the relative abundance of bacterial genera accounted for 98% of the variance of ARGs in iDNA and total eDNA ( Fig. 10; 52 .7% for Axis 1, 27.5% for Axis 2 and 17.8% for other Axis). This suggests that the relative abundance of an ARG present as iDNA versus eDNA depends on the fate of its bacterial host (e.g., live or dead), although some live cells may leak out plasmids (Nagler et al., 2018) . Among 51 genera, nine genera (Vogesella, Sediminibacterium, Aeromonas, Pseudomonas, Acidovorax, Acinetobacter, Rhodococcus, Methylophilus and Brevundimonas) showed positive correlations with tetA, ereA, sulI, tetM, bla TEM and ermB; eight genera (Prevotella_9, Bacteroides, Leptotrichiaceae, Macellibacterodies, Arcobacter, Sulfurospirillum, Faecalibacterium and Eubacterium) exhibited positive correlations with tetC; seven genera (Comamonadaceae, Rheinheimera, Parcubacteria, Cyanobacteria, Saccharibacteria, Berkelbacteria and Pelomonas) exhibited positive correlations with tetX and sulII (Fig. 10) . Several of these bacteria have been reported as hosts of the above ARGs 10 . Redundancy analysis shows the correlation between the relative abundance of ARGs and major genera, based on iDNA and eDNA sequences. ARGs are represented by solid arrows, while bacterial genera are represented by hollow arrows. Totally 51 genera are included here, which represent at least 1% of the total bacteria abundance in at least one sample. Nine genera represented by blue hollow arrows were positively correlated with tetA, ereA, sulI, tetM, bla TEM and ermB; eight genera represented by pink hollow arrows were positively correlated with tetC; seven genera represented by green hollow arrows showed positive correlation with tetX and sulII. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Balassiano et al., 2007; Ferreira et al., 2016; Kielak et al., 2016; Ryan and Pembroke, 2018; Shi et al., 2018) . Furthermore, Aeromonas, Pseudomonas, and Acinetobacter species have been reported to harbor bla TEM (Banerjee et al., 2017; Chen et al., 2011; Jovcic et al., 2011) , which endows resistance against beta-lactam antibiotics (i.e., a "superbug" gene). There were another 27 genera that showed no or even negative correlation with ARGs. Further studies are recommended to determine whether species with positive correlation to ARGs are major hosts of ARGs or if they replicate and release ARGs to a greater extent than those genera that showed no or negative correlations. If so, development of specific strategies to control these genera (including bacteriophage-based specific control (Yu et al., 2017) ), should be considered to mitigate their contribution to ARG propagation.
Conclusions
Magnetic beads significantly enhance the extraction of eDNA, offering a practical method to study the fate of ARGs through wastewater treatment plants and assess how different processes affect the physical states of ARGs. When assessing risks of ARG transfer, determining the physical state of ARGs can now be a logical first step facilitated by our novel method. A redistribution of ARGs among iDNA, a-eDNA, and f-eDNA occurred through the wastewater treatment train. The iARGs were dominant in the influent and their abundance increased in bioreactors, consistent with bacteria growth. Subsequent bacterial decay (e.g., during disinfection) resulted in ARB releasing iARGs, which becomes a-eARGs or f-eARGs. Bacterial community analysis showed some significant correlations between specific genera and ARGs.
The wastewater treatment process significantly decreased the abundance of iARGs and a-eARGs; however, it increased the abundance of f-eARGs. ARGs in the effluent were predominantly in the form f-eDNA, whereas they were mainly iDNA in wasted biosolids. More ARGs were discharged through biosolids than through the effluent. The prevalence of f-eARGs in the effluent (which could transform indigenous bacteria) and inside whole cells in wasted biosolids (which could propagate resistance through conjugation) indicate that some WWTPs do not contribute equally to the antibiotic resistome in different receiving environments. This underscores the need for technological innovation to improve fundamental understanding of ARG fate and persistence. Knowledge of the physical state of ARG offers an enhanced perspective on their propagation potential, which could not be readily examined before and perhaps incorrectly attributed to other factors.
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